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METHOD FOR PRODUCING SOLAR CELLS AND THIN- FILM SOIiARCELL 



The invention relates thin- film solar cells having the 

characteristics of the preanfcle of independent-^laim\y^ as well as 
:o a process for the maniifacture of thin-film solar cells having 
the characteristics of t/e preamble ot^^^^^cla^ 

2)i^t is known that photovoltaic solar cells built on a support 
comprise a front or window electrode, an absorber layer and a rear 
electrode. In general, and in what follows, the electrode through 
whose plane the light to be converted to voltage or electrical 
power respectively penetrates into the absorber layer is referred 
to as the window electrode. The window electrode must therefore be 
as transparent as possible or must have high light transmission, in 
order that it does not needlessly reduce the efficiency of the 
solar cell. On the other hand, the rear electrode provided on the 
other face of the absorber layer can be relatively thick and 
opaque. It must be characterized substantially by the lowest 
possible surface electrical resistance and good adherence to the 
absorber layer and, as the case may be, to the underlying layer. In 
most cases, the rear electrodes are manufactured from molybdenum 
metal, which satisfies the foregoing conditions. 

In the most widely used type of thin-film solar cells, the 
rear electrode is disposed between a support, the underlying layer, 
and the absorber layer; the transparent window electrode is 
disposed on the cell face situated opposite the underlying layer. 
Consequently, the underlying layer likewise does not necessarily 
have to be transparent. It can be made of glass, ceramic, polymer 
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films or even of metallic sheets. 

In solar cells with an overlying layer, the window electrode 
is disposed between the support, which in this case must also be 
highly transparent and, as the case may be, poorly reflecting 
antiref lective , and the absorber layer, such that the light reaches 
the absorber layer through the support and the window electrode. In 
this case, the rear electrode situated opposite the support does 
not have to be transparent . 

The absorber layer is most often made of a layer of 
chalcopyrite with additions of copper, indium and selenium (known 
as CIS absorber layers) , sometimes also with sulfur instead of 
selenium. Occasionally the absorber layer is also doped with 
gallium (CIGS absorber layers) . The absorber layer generally 
exhibits p-type conduction. To manufacture a pn junction, a buffer 
layer of material having n-type conduction is applied in a 
thickness of less than 100 nm on the absorber layer having p-type 
conduction. It is known from US Patent 4611091 that cadmium sulfide 
(CdS) can be used as material for the buffer layer, with a 
conductive window of ZnO placed thereabove . 

If zinc oxide (ZnO) or another transparent oxide is used as 
material for the window electrode, this material, which is 
dielectric in itself, must be deposited as a doped semiconductor. 
The conductivity is achieved by doping, with aluminum or boron 
among other substances. On the industrial scale, these window 
electrodes are most often deposited by sputtering (cathodic 
sputtering under a magnetic field) on the surface of the absorber 
layer. However, layers with a thickness of 4 00 nm and more then are 
needed in order to limit the surface resistance to a usable level. 
Consequently, however, the light transmission is reduced compared 
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with thinner layers. Another drawback of this process is that the 
sputtering parameters, in particular the oxygen partial pressure in 
the reactive atmosphere of the sputtering chamber, can be variably 
adjusted only in a very narrow range in order to obtain optimal 
results. Finally, the deposition of relatively thick ZnO layers is 
also time-consuming and costly because of a relatively low rate of 
coating with zinc metal in a reactive atmosphere. As an alternative 
technique there can be used ceramic targets, which are already 
composed of the desired conductive zinc oxide. Nevertheless, there 
is no advantage as regards deposition rate. 

It is certainly possible to produce a ZnO window electrode 
with results that are also still usable from the optical viewpoint, 
by chemical vapor deposition (CVD) , but even thicker layers up to 
1500 nm must be tolerated in order to obtain satisfactory 
conductivity by this process, because the material density of the 
layers produced in this way is inferior to that of layers deposited 
by sputtering. 

It has also been^ observed that a relatively thin layer (such 
as 100 nm) of dielectric ZnO between the absorber layer and the 
window layer of ZnO made conductive by doping increases the 
efficiency of the solar cell, and that it also has a positive 
influence on the stability of the process. 

An advantage of this configuration, however, is that the known 
solar cells with CIS absorber layers have an open-circuit potential 
which depends on a difference of charge between the absorber layer 
with p-type conduction and the ZnO electrode made conductive by 
doping (with n-type conduction) . 

object of the invention is to provide a process for the 
economic manufacture of solar cells with an improved window 
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electrode and to propose thin- film solar cells equipped with such 
window electrodes . 

According to the invent lem, objective is achieved by the 

characteristics of indepej^fd^t Gl.aiml^^:§^ regards the process and 

solar cells. The 
on 

modi j 



by the characteristic, 
characteristics 
independent 
these objep^^s 

Thus the window electrode can be manufactured with a thin 
metal -base layer, which is treated to be antiref lective by at least 
one highly refractive oxide or nitride layer at least on the side 
on which light is incident. 

With the use of a metallic layer or of a metal-base layer 
respectively, the conductivity of the window electrode is generally 
increased- With the antiref lective treatment at least on the side 
of the metallic layer on which light enters (or in other words on 
its surface opposite the absorber layer) , it is ensured that the 
usable light also passes effectively through the electrode and is 
not reflected for the most part or at all at the surface of the 
metallic layer. 

In principle, it is of little importance whether or not the 
antiref lective layer itself is electrically conductive. It may be 
deposited in a single layer or in a succession of layers, with the 
only limitations that, on the one hand, it must be sufficiently 
transparent and, on the other hand, it must adhere well to the 
metallic layer and be chemically compatible therewith- 
According to one embodiment of the invention, at least one of 
the dielectric layers is composed of zinc oxide. 

According to the invention, the metallic layer is composed of 
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silver or silver alloy and the ant iref lective layer is a highly 
refractive oxide or nitride layer. 

In one modification, a highly refractive layer or succession 
of such layers is also disposed between the absorber layer and the 
metallic layer of the window electrode. In principle, it is also of 
little importance whether or not this is electrically conductive, 
bearing in mind that it must in no case substantially limit the 
flow of current between the absorber layer and the window electrode 
by its ohmic resistance. 

In a particularly preferred embodiment, the window electrode 
is produced in the form of a succession of layers comprising a 
dielectric layer, a base layer of metal or alloy and another 
dielectric layer. 

Without departing from the scope the invention, the window 
electrode can comprise successively^ a first highly refractive 
layer, a first metallic layer, a second highly refractive layer, a 
second metallic layer and the saya antiref lective layer. 

The highly refractive and possibly dielectric layers can be 
deposited in known manner in the form of oxides (ZnO, SnO^, BiO^^, 
TiOj, AI2O3) or nitrides (AlN, SiaNj . The metallic layer is 
preferably composed of elements or alloys having high conductivity, 
such as Ag, Cu, Au, Al or alloys thereof. 

The solar cell according to the invention can also comprise at 
least one metallic layer and one highly refractive oxide or nitride 
layer. 

In a particular embodiment, the metallic layer of the window 
electrode, particularly a silver layer, has a thickness of less 
than 20 nm, and the total thickness of the window electrode is less 
than 12 0 nm. 

To protect the already terminated conductive thin layer from 
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oxidation during the deposition of a highly refractive or 
respectively dielectric layer, it may be possible to provide a 
blocking layer based, for example, on ^^r), Ti , Al or Pb between 
the metal -base layer and the highly refractive or respectively 
dielectric layer to be deposited thereafter. 

In principle, successions of layers comprising two dielectric 
layers with an intermediate metallic layer (functional layer) are 
generally known as thermal insulation layers for reduction of the 
emissivity of glazing units of buildings or automobiles. The 
dielectric layers therein act as antiref lective treatments of the 
intermediate metallic layer by virtue of the difference in 
refractive index. Without the dielectric layers, the metal-base 
layer would also reflect too much of the visible light, and this is 
in no case desirable for automobile glazing units. 

It is also known that a relationship exists between the 
electrical conductivity and the thermal insulation effect of the 
functional layer, such that its infrared reflection is also high 
when the conductivity is high. 

The use of such successions of layers that are already widely 
employed and manufactured in large dimensions as window electrodes 
on the one hand offers the advantage of clearly more economical 
manufacture compared with the conventional ZnO window electrodes, 
and on the other hand the total thicknesses of these layers can be 
appreciably reduced by virtue of the clearly lower surface 
resistance, of a metallic silver layer, for example, compared with 
the 400 nm of ZnO necessary heretofore. 

The window element according to the invention can therefore 
comprise a succession of a first highly refractive layer, a first 
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metallic layer and a second highly refractive layer. 

Thus the necessary surface resistance of Rq < 10 Qq can be 
obtained with a silver layer having a thickness of less than 20 nm, 
disposed between two dielectric layers having thicknesses of about 
30 to 50 nm. In this way a window electrode having a thickness of 
less than 12 0 nm can therefore be achieved. 

Without departing from the scope of the invention, the window 
element can also comprise the succession just described, to which 
there is added a second metallic layer and the ant iref lective 
layer. In this stack of five layers, the metallic layer can be 
composed of silver or a silver alloy. 

The window electrode according to the invention can be used 
not only with CIS thin-film solar cells, but also for solar cells 
produced by other thin- film technologies in models containing 
underlying layer or overlying layer. Solar cells with amorphous 
silicon or with cadmium telluride as absorber layer can also be 
equipped with the window electrode discussed here. In another 
conceivable embodiment, the two electrode layers of a thin- film 
solar cell can be replaced by the transparent electrode according 
to the invention. 

It is also possible to produce a combination of the electrode 
containing a metallic layer with a thin layer of conductive oxide, 
interposed between the absorber and the metallic layer. 

To produce an example, there was deposited on a CIS thin- film 
solar cell having glass/Mo/CIS/CdS structure a window electrode 
having the following structure: 

dielectric 1 ZnO about 50 nm 

blocking Ti about 3 nm 
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metal Ag about 15 nm 

dielectric 2 ZnO about 55 nm 

Si3N4 about 3 0 nm 

in which the silicon nitride layer acts substantially as mechanical 
protection against damage (scratches) . An additional effect may be 
the decrease of diffusion of moisture into the absorber layer, 
which reduces the storage stability of unshielded solar cells and 
respectively the climatic stability of stratified solar modules. 

For a layer of this nature deposited on glass, there has been 
determined a surface resistance of = 8.5 Qq. On a solar cell 
provided with this layer, there was measured a reflection ratio of 
1.2% in the region of the visible spectrum. Compared with 
conventional window electrodes, which have a reflection ratio of 
about 8%, this layer structure therefore has a reflection-reducing 
effect, and it therefore imparts improved light transmission in the 
absorber layer. 

The specimen was divided into four solar cells, on each of 
which a metallic contact was formed by vapor deposition. For 
reference purposes, ZnO:Al made conductive by aluminum doping was 
deposited as the window electrode on a solar cell having the same 
structure . 

The following characteristic values were measured on these 
solar cells: 

Open-circuit Short-circuit Fill Efficiency 
voltage current factor 77 [%] 

U^^ [mV] [mA/cm^] FF [%] 

Cell 1 522 24.1 66.5 8.4 

Cell 2 535 23.9 66.6 8.5 

Cell 3 517 24.8 66.3 8.5 

Cell 4 509 24.8 64.9 8.2 
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Reference 610 31 77 14.6 

Certainly the values of cells 1 to 4 are poorer than the 
comparison values measured with the reference cell, but for the 
first time proof has been found of the applicability of the 
principle of the sandwich window electrode. It is hoped that even 
better values can also be achieved by adequate optimization of the 
deposition process and of the layer thicknesses. 

The comparatively low efficiency of solar cells containing the 
window electrode according to the invention is explained by the 
fact that the wavelength region in which the window electrode is 
transparent (3 00 nm to 900 nm) is narrower than the region of high 
spectral sensitivity of the absorber layer (about 300 nm to 1300 
nm) . In this specific case, the usable quantity of incident light 
in the wavelength region between about 900 nm and 1300 nm is 
therefore reflected by the window electrode. 

Results comparable to those of the reference specimen can be 
expected when the region of high transmission of the window 
electrode has been better adapted to the spectral sensitivity of 
the absorber, or in other words after it is possible for the window 
electrode also to be transparent for wavelengths longer than 900 nm 
up to about 1300 nm. Possibilities for lowering the upper 
reflection threshold by influencing the conductivity of the 
metallic layer are well known to those skilled in the art. The 
conductivity of the metallic layer decreases, however, when its 
transparency for longer wavelengths is increased- 



